The interaction of cytochrome c (cyt c) with anionic lipid membranes is known to disrupt the tightly packed native structure of the protein. This process leads to a lipid-inserted denatured state, which retains a nativelike a-helical structure but lacks any speci®c tertiary interactions. The structural and dynamic properties of cyt c bound to vesicles containing an anionic phospholipid (DOPS) were investigated by amide H-2 H exchange using two-dimensional NMR spectroscopy and electrospray ionisation mass spectrometry. The H-2 H exchange kinetics of the core amide protons in cyt c, which in the native protein undergo exchange via an uncorrelated EX2 mechanism, exchange in the lipid vesicles via a highly concerted global transition that exposes these protected amide groups to solvent. The lack of pH dependence and the observation of distinct populations of deuterated and protonated species by mass spectrometry con®rms that exchange occurs via an EX1 mechanism with a common rate of 1(AE0.5) h À1 , which re¯ects the rate of transition from the lipid-inserted state, H l , to an unprotected conformation, D i , associated with the lipid interface.
Introduction
The interaction of water-soluble proteins with membranes is a common event occurring during the course of various cellular processes. Examples include the action of bacterial toxins in host cell membranes (Parker & Pattus, 1993) and the transfer of various non-polar ligands, such as retinol and fatty acids, to a target cell surface (GodovacZimmermann, 1988; Sacchettini et al., 1988) . The molecular mechanism by which soluble proteins bind and insert into biological membranes is not clearly understood. In the few cases studied, it appears that a partial unfolding of the watersoluble native structure of the protein leads to the exposure of hydrophobic patches onto the protein surface, which triggers the insertion of the protein into the membrane (Merrill et al., 1990; van der Goot et al., 1991) . The mechanism is complex and appears to involve both electrostatic and hydrophobic lipid-protein interactions (Heymann et al., 1996) .
Cytochrome c (Cyt c) has been widely used as a model protein for elucidating the interaction of water-soluble proteins with membranes (Rietveld et al., 1983; Mustonen et al., 1987; Pinheiro & Watts, 1994a,b; Pinheiro, 1994) . This small protein ($ 12 kDa) functions in electron transfer on the surface of the inner mitochondrial membrane. It has been a matter of controversy whether a membrane-bound form of cyt c would be involved in electron transfer (Vik et al., 1981; Speck et al., 1983; Gupte & Hackenbrock, 1988; Hildebrandt et al., 1990) . However, more recently it has been shown that under physiological conditions cyt c is found to exist in an equilibrium between the soluble state and conformations bound to the inner mitochondrial membrane (Cortese et al., 1998) . These membrane-bound species have a destabilised structure compared with the native protein, but retain variable degrees of electron transfer activities, depending on their binding state to the inner mitochondrial membrane. This suggests that membrane-bound forms of cyt c could regulate the activity of electron transfer in vivo.
Despite cyt c being one of the most studied proteins during the past half-century, the recent years have uncovered an unexpected role of cyt c in cell signalling, when Liu et al. (1996) found that programmed cell death (apoptosis) requires the release of cyt c from the mitochondrion. The surprises have not stopped there. A recent report by Jemmerson et al. (1999) has shown that a membrane-bound form of cyt c has apoptotic activity, suggesting that membrane-associated cyt c might be the relevant factor in caspase activation. It is known that the binding of cyt c to negatively charged lipid membranes induces an extensive disruption of the native compact structure of the protein (Muga et al., 1991; de Jongh et al., 1992; Spooner & Watts, 1991; Pinheiro & Watts, 1994a; Pinheiro et al., 1997) . This membrane-bound state lacks many features of its native tertiary structure but remains highly helical, with an overall content of a-helical structure similar to that of the native protein in solution. Tryptophan¯uorescence and haem absorbance kinetics have shown that the disruption of the tightly packed native structure of cyt c is dramatically accelerated on the membrane interface relative to the unfolding rate of the free protein in solution (Pinheiro et al., 1997) .
The growing evidence for physiological roles of membrane-bound forms of cyt c, both in electron transfer (Cortese et al., 1998) and in apoptosis (Jemmerson et al., 1999) , makes studying the interaction of cyt c with lipid membranes of particular importance. It is apparent that structural and dynamic information on membrane-associated forms of cyt c will bring further insight into the mechanisms by which this protein carries out such diverse cellular functions. Here, we have characterised the structural and dynamic behaviour of membrane-bound cyt c using H-2 H exchange kinetics in combination with NMR spectroscopy and electrospray ionisation (ESI) mass spectrometry (MS). It was found that the reversible binding of cyt c to the membrane is a highly cooperative transition, which leads to the disruption of all native tertiary contacts typical of the tight fold of native cyt c.
EX1 and EX2 limits
According to the Linderstrùm-Lang model (Linderstrùm-Lang, 1955 ), the H-2 H exchange reaction of a protected amide only takes place after its proton becomes exposed to solvent as a result of structural opening, as illustrated in equation (1):
where k op and k cl are the rate constants for the opening and closing processes, respectively, and k c is the intrinsic rate of chemical exchange of the amide exposed to solvent. Intrinsic amide exchange rates depend on pH and local sequence and have been calculated for short unstructured peptides . Under native conditions (k cl 4k op ), the rate constant for the overall exchange reaction (k ex ) is given by:
equation (2) is often simpli®ed by considering two limits for exchange (Hvidt & Nielsen, 1966 ). In the common EX2 limit, where k cl 4k c , chemical exchange is the rate-limiting step, and equation (2) reduces to:
where K op is the equilibrium constant for the conformational transition between the closed and open states. The other exchange limit, known as the EX1 limit, occurs when k cl 5k c , and equation (2) is simpli®ed to:
Under EX2 conditions many openings occur for each successful amide-exchange event, and the exchange kinetics can be used to study the equilibrium between closed and open states, while in the EX1 limit each opening leads to exchange and the observed exchange rate is a measure of the opening rate. Also, because exchange is catalysed by acid and base, k c is dependent on pH (Eigen, 1964) . Therefore, in the EX2 limit the observed exchange rates (k ex ) are strongly pH dependent (equation (3)), whereas under EX1 conditions (equation (4)) the observed exchange rate is independent of pH (Roder et al., 1985) . Furthermore, EX2 exchange is always random or uncorrelated for different amide sites in the protein, regardless of whether cooperative unfolding occurs. In contrast, under EX1 conditions, exchange among different amides can be correlated as shown by nuclear Overhauser enhancement (NOE) measurements of partly exchanged samples (Roder et al., 1985) or ESI MS (Miranker et al., 1993) , provided that the underlying conformational event, i.e. structural opening or local unfolding, is cooperative.
Results
To measure the kinetics of hydrogen exchange for cyt c bound to DOPS vesicles, we used both NMR spectroscopy and ESI mass spectrometry in conjunction with a quenched hydrogen exchange protocol (see Materials and Methods). The main advantage of this approach is that, while H-2 H exchange occurs in the presence of lipid vesicles, NMR and/or ESI MS analysis can be performed under native conditions, after precipitating the lipid and refolding cyt c under slow-exchange conditions. While H-2 H exchange combined with NMR provides the rates of amide exchange of individual amides in the protein, measurements by ESI MS report on the overall amide-exchange properties and distribution of states.
Resolved amide exchange rates by NMR
Representative exchange curves for distinct amides involved in different structural sites in cyt c are shown in Figure 1 (a)-(c). Lys13 is located in the N-terminal a-helix, Leu32 is part of a type II b-turn, Met65 and Tyr74 are in the middle of the 60s and 70s helices, respectively, while Leu98 and Lys100 are part of the C-terminal a-helix (Bushnell et al., 1990) . The 40 amide sites that can be resolved by NMR show very similar H-2 H exchange rates of 0.95(AE0.52) h À1 at pH 7.0, and 0.98(AE0.62) h À1 at pH 8.0 (errors are the standard deviations of 40 amides), which are remarkably consistent with the overall amide-exchange rate measured by ESI MS ( Figure 1(d) ; see below). The wide range of exchange rates for native cyt c in solution is converted to a narrow range of rates for both pH values (Figure 2 ), which overlaps with the fastest measured rates within this group of amides for the exchange in solution. The narrow range of exchange rates observed for the 40 core amides in cyt c bound to DOPS vesicles, in addition to their similar values for the two pH values analysed here, strongly suggest an exchange regime in the EX1 limit.
Under EX1 conditions (equation (4)) there need be no pH dependence of the observed exchange rate (k ex ), whereas in the EX2 limit (equation (3)) k ex will be dependent on the concentration of H 3 O or OH À in the acid or base-catalysed exchange reaction. Therefore, in the base-catalysed region, a signi®cant positive slope ($1 if K op is pH independent) for a plot of logk ex against pH indicates EX2 exchange limit. On the other hand, the slope would be smaller or zero under EX1 conditions, where the pH-dependent k c no longer contributes to exchange. Figure 3(a) shows that the exchange rates measured under native solution conditions are at least an order of magnitude higher at pH 8 compared to pH 7, which is fully consistent with an EX2 mechanism (Jeng et al., 1990; Milne et al., 1998) . The exchange rates for many amide protons (especially the more slowly exchanging ones which experience relatively global structural transitions) are signi®cantly higher than those expected for an EX2 mechanism with pH-independent K op (broken line), indicating that the pH-dependent destabilisation of the protein tends to shift the conformational equilibrium toward more open states. In contrast, the corresponding plot for the exchange rates of cyt c bound to DOPS vesicles shows a much tighter distribution of largely pH-independent rates (Figure 3(b) ). However, the 32 amide protons for which rates could be measured at both pH values tend to fall into three distinct groups. A group of 14 amides (group I) appears to undergo exchange under a pH independent EX1 mechanism associ- (28 participating protons, see the text) amide exchange at pH 7 (triangles) or pH 8 (diamonds) measured by ESI MS. The curves represent exponential ®ts to the experimental data points determined by non-linear least-squares analysis. Proton occupancy was calculated from normalised NOE intensities of COSY NMR spectra or peak intensities of mass spectra (see Materials and Methods). Estimated errors in the rate constants (see Figure 2 ) are in the range 10-30 %.
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. A second group of ten amides (group II) is also consistent with a pH-independent EX1 mechanism but associated with a faster opening rate of 1.6(AE0.5) h À1 . The third group of eight amides (group III) show an EX1 mechanism with a negative pH dependence and associated with a k op of 1.1(AE0.2) h À1 at pH 7 and 0.5(AE0.1) h À1 at pH 8. An examination of the distribution of these amides within the native structure of cyt c revealed that group I is composed of amides predominantly associated with apolar residues buried within the hydrophobic core, whereas groups II and III are mainly associated with polar residues located in loop regions or the ends of helices.
Global amide exchange by ESI MS
Once it was shown that mass differences associated with deuterium incorporation were measurable by mass spectrometry (Katta & Chait, 1991) , MS has become a valuable tool for H-2 H exchange studies of protein folding (Miranker et al., 1993; Yi & Baker, 1996; Arrington et al., 1999) . Unlike the NMR approach, MS cannot provide individual amide-exchange rates, but has the advantage of probing directly the nature of cooperative transitions, providing a straightforward method for distinguishing between EX1 and EX2 mechanisms, as well as the continuum of possibilities in between (Miranker et al., 1996) . If the exchange occurs in the EX1 limit (equation (4)) each opening reaction (equation (1)) leads to the exchange of all labile sites exposed in the transition. This results in a mass spectrum with two distinct peaks whose masses re¯ect the fully protonated and fully deuterated species and whose intensities indicate the overall extent of exchange. In contrast, under EX2 conditions (equation (3)) H-2 H exchange will occur at random positions in individual protein molecules as a result of relatively frequent but short C measured at two values of pH. The value of logk ex for each residue at pH 7 is plotted against their corresponding values at pH 8 for the exchange of free cyt c in solution (a) and when bound to DOPS vesicles (b). In (a), the continuous line represents a linear regression ®t to the experimental data points, and the broken line indicates the expected rates under EX2 conditions with K op independent of pH. (b) illustrates the much narrower range of rates and limited pH dependence observed in the presence of lipid vesicles. Three groups of amide protons are highlighted: group I (crossed circles), with the slow pH-independent exchange rate of 0.6(AE0.2) h À1 ; group II (®lled circles), with the faster exchange rate of 1.6(AE0.5) h À1 also independent of pH; and group III (open circles), with an average rate at pH 7 of 1.1(AE0.2) h À1 decreasing to 0.5(AE0.1) h À1 at pH 8.
visits to the open state. In this regime the resulting mass spectrum will contain one single peak whose position shifts with exchange time. The same spectral pattern will also exist under EX1 conditions when molecular¯uctuations are uncorrelated or non-cooperative.
Figure 4(a) shows the ESI mass spectrum of protonated cyt c in solution in comparison with the spectra of fully and partially deuterated forms of cyt c in solution. The protonated and fully deuterated forms show a mass difference of 202, which corresponds to the total number of labile protons in the protein. The partially deuterated state, illustrated by the peak at 12,518 Da, is that of a freshly transferred protein sample into 2 H 2 O (pH 5). This state has all fast (k ex > 10 h À1 ) amide protons exchanged for deuterons and a core of 42 amides which are more resistant to exchange. This core of protected amides represents the group of measurable amides by NMR. Figure 4(b) compares the mass spectra of this control sample with those recorded on aliquots of the cyt c samples exchanged in the presence of DOPS, following NMR analysis. During the exchange of cyt c bound to DOPS vesicles the peak at 12,518 Da ®rst shifts to 12,532 Da for the ®rst measured exchange time (seven minutes, data not shown). This 14 Da shift re¯ects the loss of protons during the time needed to separate the refolded cyt c from lipids and to prepare NMR samples ($two hours in 2 H 2 O at pH 5.3 and 4 C), and during 2D NMR data acquisition ($four hours at 20 C). Under these conditions exchange is expected to occur via an uncorrelated EX2 mechanism. This was con®rmed by recording a series of ESI MS spectra on a test sample (20 mM cyt c in 2 H 2 O, 10 mM ammonium acetate (pH 5.0), 25 C), which showed a single peak that slowly moved with time toward higher mass. The exchange rates for the $30 amides protons remaining under native conditions after NMR analysis are suf®ciently slow so that no additional exchange occurs during ESI MS analysis. For all quenched H-2 H exchange samples monitored by ESI MS, two peaks were observed in the mass spectra at 12,532 and 12,560 Da, corresponding to partially and fully exchanged forms of the protein, respectively (Figure 4(b) ). During the course of exchange the peak at 12,532 Da decreased in intensity as the peak of fully deuterated species at 12,560 Da increased. The mass difference between these two peaks corresponds to 28 protons, which, as the ESI mass spectra indicate, undergo H-2 H exchange under an EX1 mechanism. The overall exchange rate for this group of amides was calculated from the exponential ®t in Figure 1 (d) and found to be 1.1(AE0.2) h À1 (see Materials and Methods). This rate is well within error of the average exchange rate measured by NMR analysis of the same series of cyt c samples, which con®rms that ESI MS, in conjunction with quenched H-2 H exchange procedures, provides a reliable measure of H-2 H exchange in proteins. Also shown in Figure 1(d) are the results of ESI MS measurements on a series of quenched samples exchanged in DOPS vesicles at pH 8. These samples were prepared specially for MS analysis under conditions matching the NMR experiment at pH 8, but at $®vefold lower protein concentration (see Materials and Methods). As in the study at pH 7 (Figure 4(b) ), the mass spectra showed two peaks separated by 28 mass units corresponding to a group of core protons that exchange via a concerted (EX1) exchange mechanism. The exponential decay of the relative population of the protonated species with exchange time yields a rate constant of 0.6(AE0.1) h
À1
, which is again in good agreement with the NMR results, matching the exchange rate of protons in groups I and III (Figure 3(b) ). The slight decrease in the rate on raising the pH from 7 to 8 is in marked contrast with the more than tenfold increase in exchange rate measured under native conditions, which further supports our conclusion that exchange in the presence of DOPS is governed by an unusual EX1 mechanism. 
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Discussion
The amide-exchange rates determined by NMR of the core residues of cyt c when bound to DOPS vesicles show a remarkably narrow spread in comparison with the exchange behaviour of native cyt c in solution (Figure 2 ). The range of rates observed (less than a factor of 10) is narrower than that expected for the corresponding intrinsic rates and there is no apparent correlation between k ex and k c . This observation, combined with the pH independence between pH 7 and 8 for most of the exchange rates, provides strong evidence for an EX1 mechanism, associated with a highly concerted global conformational transition of cyt c that exposes all the amides to solvent. A closer inspection of the dependence of k ex , as shown in Figure 3(b) , revealed a tendency for protons to cluster into three groups: one with a slow exchange rate around 0.6 h À1 (group I), a faster group with an exchange rate around 1.6 h À1 (group II), both of which are independent of pH, and a subset of protons switching from a faster rate $ 1.1 h À1 at pH 7 to a slower rate $ 0.5 h À1 at pH 8 (group III).
Our analysis of H-2 H exchange in lipid-bound cyt c using ESI MS revealed two separate peaks in the mass spectra of partially exchanged samples (Figure 4(b) ), which indicates that a large group of amides (28 of the 42 core amides) exchange via a highly concerted global unfolding transition that exposes all these otherwise protected protons to solvent. The partially protonated species corresponding to the peak at 12,532 Da undergo cooperative EX1 exchange of all their amide protons, resulting in the fully deuterated species with a mass of 12,560 Da. Therefore, the overall H-2 H exchange of the core amides of cyt c in DOPS membranes occurs via an EX1 mechanism, with most amides ($67 %, corresponding to 28 out of 42 core amides) associated with a highly cooperative conformational transition of cyt c.
The combined exchange results, monitored both by NMR spectroscopy and ESI mass spectrometry, led us to propose a kinetic mechanism for the interaction of cyt c with negatively charged lipid membranes of DOPS, illustrated in Figure 5 . In this scheme N w represents the native state of cyt c in aqueous solution, N* denotes a native-like state associated with the membrane surface, D
i depicts an open conformation of the protein associated with the membrane interface, and H l is the ®nal lipid-inserted helical state. The binding of cyt c to the membrane surface (N w 3 N*) is driven by the electrostatic attraction between polar residues on the protein surface and the negative lipid headgroups in the membrane. Since diffusion-controlled association is likely to be accelerated by favourable ) and release (k r ) of the protein from the membrane surface to be unfavourable (k r 5k b ). The environment of the membrane interface triggers the subsequent partial unfolding of cyt c (N* 3 D i ). Lipid-induced unfolding is thought to be facilitated by the local acidic environment of the membrane surface (Bychkova & Ptitsyn, 1993; Pinheiro et al., 1997) . In addition, the new electrostatic bonding between charged residues in the protein and lipid headgroups at the membrane surface, which is generally an exothermic process, could provide the energy necessary for the main protein unfolding step. We have shown that the compact native-like structure associated with the membrane surface (N*) is converted to the denatured state D i associated with the membrane interface at a rate k u $ 1.5 s À1 (Pinheiro et al., 1997) . This partially unfolded intermediate is then able to insert, at least partially, into the hydrophobic core of the lipid membrane (H l Based on equilibrium spectroscopic data (Pinheiro et al., 1997) , the lipid-inserted state H l has been shown to retain a native-like a-helical structure, but has a highly perturbed tertiary conformation in terms of (a) enhanced Trp59¯uor-escence, which indicates that the average distance between Trp59 and the haem is much larger than in the native state, (b) lack of speci®c tertiary interactions involving Trp59, as revealed by near-UV CD and (c) a disturbed haem ligation and haem environment, as shown by Soret absorbance and CD. The protected state H l is likely to contribute to exchange via amides associated with polar residues in loop regions of the protein, which are expected to reside in the interface of the lipid membrane. This lipid-protected state need not be a compact conformation, as protection against H-
